of fundamental importance in development, because a single signaling event can generate a range of different gene activities and cell fates spatially related to the
. Examples of Changes in Gene Expression Caused by Increases in Concentration of Extracellular Signaling Molecules (A) Activin (red) is bound by receptor type II and joined by receptor type I, which signals via a Smad complex, probably with other molecules, to determine a choice between nil, low, or high gene responses. (B) The major histocompatibility complex (MHC) molecules on the surface of antigenpresenting cells in mammals bind antigenic peptide. This MHC-peptide complex is recognized by the T cell receptor of lymphocytes. The T cell receptor signals via several kinds of cytoplasmic transduction molecules to elicit nil, low, or high gene responses. (C) During the syncytial blastoderm stage of Drosophila development, a protease cascade is thought to generate a gradient of activated Spä tzle in the extracellular space on the ventral side of the embryo. Spä tzle binds to the Toll receptor to activate a signal transduction pathway involving Tube and Pelle that results in the degradation of Cactus. Since Cactus anchors Dorsal in the cytoplasm, this releases Dorsal which then translocates to the nucleus. In this way, the extracellular gradient of Spä tzle is transduced into a gradient of Dorsal in the nuclei, where it regulates a number of target genes in a concentration-dependent manner to pattern the dorsal-ventral axis. There are at least five different thresholds for Dorsal that are set both by the affinity of Dorsal for its DNA-binding sites in a particular target gene, and by interactions with proteins that bind to adjacent sites. For example, the rhomboid regulatory region contains three high-affinity Dorsal-binding sites (filled boxes), two of which are adjacent to E box sequences that bind the Daughterless/Scute T4 protein complex. This complex facilitates the binding of Dorsal to these sites, thereby allowing it to activate Rhomboid in lateral regions of the embryo where the Dorsal concentration is low. In contrast, the proximal enhancer of the twist gene (twist PE) contains three low-affinity sites for Dorsal (hatched boxes), which direct expression only on the ventral side of the embryo, where the nuclear concentration of Dorsal is high.
has been addressed in detail in Xenopus animal cap in the ratio of occupied to unoccupied receptors. Cells overexpressing receptors by about 7-fold switch gene cells (Dyson and Gurdon, 1998) .
35
S-activin synthesized by mRNA-injected oocytes is bound to isolated cells at expression at the same absolute numbers of occupied receptors (100 and 300) even though the ratio of occudifferent concentrations and for different lengths of time in order to achieve a range of occupancies of the type pied to unoccupied receptors has now decreased to 0.3% and 0.9% of the total number (of 35,000). In this II receptors. Receptor occupancy is then related to the types of genes activated. The total number of receptors system of activin action on Xenopus blastula cells, the ligand binds to the type II receptor with a very high per cell was determined from the specific activity, and the saturating amount, of the activin preparation to be affinity and very long off-time of several hours; this accounts for the ratchet effect, by which a cell responds about 5000 per cell. The proportion of type II receptors that are occupied by ligand as cells switch from a nil to to the highest level of receptor occupancy achieved during the few hours when signaling takes place and low concentration response (Xbrachyury) is about 2% (100 receptors), and from a low to high concentration when cells are competent to respond. The receptorligand complex is not internalized and continues to sigresponse (Xgscd or Xeomes) is 6% (300 receptors). This type of quantitative information shows that cells recognal as a serine-threonine kinase to the inside of the cell.
The next transduction step in the cell involves Smad2 nize ligand concentration by counting the absolute number of occupied receptors and not by sensing a change that is phosphorylated by the kinase action of receptor type I. Overexpression of Smad2 in blastula cells results
How Cells Set Thresholds
An important characteristic of cells responding to a morin the activation of Xbra and, at a 3-fold higher dose, of phogen is that they must be able to switch from one Xgsc (Graff et al., 1996) . Although Xbra is reported not response to another as the concentration of the morphoto be downregulated as it is after activin signaling, this gen increases. The simplest way by which cells could result suggests that the 3-fold difference in receptor produce two distinct responses at different threshold activation at the cell surface leads to no more than a concentrations is to make use of two kinds of receptors 3-fold difference in activity in the next intracellular stage, of different affinity for the ligand, each receptor being with no amplification of the difference.
connected by a separate transduction pathway to ap-MHC-Peptide Complexes and Mammalian T Cells propriate target genes. At low concentrations, only highAn altogether different system in which the perception of affinity receptors would be bound; at high concentraconcentration changes has been analyzed in molecular tions, both types of receptor would be occupied. In detail is that of the mammalian T cell receptor. AntiDrosophila, there are two class I receptors for DPP, gen-presenting cells express class II MHC molecules on namely Thick veins (TKV) and Saxophone (SAX), and their surface, and these molecules bind antigen-derived whereas TKV is required for all responses to DPP, SAX peptides for presentation to T cells. Each antigen-preis needed only for the response to the highest level of senting cell has some 10 5 MHC-peptide complexes, a the signal (Nellen et al., 1994) . These observations are small fraction of which are recognized by the 10 4 to 4 ϫ consistent with a model in which high concentrations 10 4 identical, heterodimeric T cell receptors of a helper of DPP activate SAX to produce a qualitatively different T lymphocyte (reviewed by Rothenberg, 1996) . T cells response from low concentrations that activate only show qualitatively divergent responses to MHC-peptide TKV, but this mechanism for threshold formation can complexes in a concentration-dependent way. At low be ruled out, at least in the imaginal wing disc. DPP concentrations of peptide ‫1.0ف(‬ M), individual cells of is expressed along the anterior-posterior compartment a cloned T cell line switch on expression of interferon boundary of the wing disc and forms a symmetric mor-␥. As the concentration of peptide is increased from 0.1 phogen gradient that directs anterior-posterior patto 10 M, most cells produce interleukin-2 and interleuterning in both compartments (Lecuit et al., 1996 ; Nellen kin-3 in addition to interferon ␥ (Itoh and Germain, 1997; et al., 1996) . At all positions within the disc, mutant and Figure 1B ). T cells synthesize these proteins within clones of a null allele of sax give phenotypes identical 3 hr of exposure to MHC-peptide, presumably as a direct to clones of a hypomorphic tkv allele; both develop as response.
if they were further away from the source of DPP than Once bound by an MHC-peptide complex, the T cell they actually are (Singer et al., 1997) . Thus, although receptor rapidly releases this complex and is internal-TKV transmits more signal than SAX, both receptors ized into the T cell (Valitutti et al., 1995) . It is thought contribute to the amount of DPP that a cell perceives that a single MHC-peptide complex is able to bind to and at all positions in the gradient. In Xenopus there are also sequentially activate 100-200 receptors on the same T two kinds of both type I and type II receptors for activin. cell, which records, by continuous intracellular signaling However, overexpression of receptor type IIB (see or by other means, the total number of receptors actiabove discussion) or IB (Armes and Smith, 1997) induces vated over a given time. The low affinity of the T cell both low and high response genes in a concentrationreceptor for MHC-peptide complexes ensures that the dependent way, showing that two different responses ligand is rapidly released and is therefore able, even at can be mediated by one type of receptor. These results a low concentration, to activate ("downregulate") more and the fact that other morphogens seem to act through receptors than if the receptor had a high affinity for its a single receptor provide clear cases where the same ligand and a long off-time. Using different peptides at receptor is used to detect different concentrations of different concentrations, as well as cells with different one signaling molecule. In all cases, the receptor is in numbers of receptors, Viola and Lanzavecchia (1996) excess, and the ligand is limiting, as is required for most have shown that T cells count the number of receptors counting mechanisms. that have been activated, and that they initiate their If thresholds are not set by the use of multiple recepresponses when this number reaches 8000. This absotors, mechanisms must exist within a cell that detect lute number must be reached, irrespective of the total quantitative differences in the level of receptor activanumber of receptors on a cell. If that number is less tion and convert these into qualitatively different rethan 8000, the cell will never respond to the ligand. If sponses. Very little is known about how thresholds are cells are also provided with costimulation in the form of imposed onto a continuous gradient of receptor activa-CD28 molecules on the antigen-presenting cells, T cell tion, but in principle, this could occur at any step in the activation is enhanced and they then need only 1500 signal transduction pathway from the cell membrane to activated receptors to initiate a response. As with activin the nucleus. In the only example that has been studied receptors on Xenopus blastula cells, we see that T cells in detail, the dorsal-ventral axis in Drosophila, threshperceive concentration by counting the absolute numolds are determined at the level of the transcription of the ber of ligand-bound receptors of one kind. T cells do individual target genes. A complex protease cascade in not use several receptors of different ligand affinity, nor the perivitelline space on the ventral side of the embryo do they recognize ratios of occupied to unoccupied is thought to result in the formation of a gradient of receptors. Thus, the principle of counting absolute numcleaved Spä tzle, which binds to the transmembrane rebers is exactly the same in the two experimental sysceptor Toll to activate a signal transduction pathway tems, even though the receptor characteristics could that leads to the nuclear import of Dorsal (Bellvin and Anderson, 1996) . This system provides another example hardly be more different.
